Abstract: Application of thermal indices has become very popular over the last three decades. It is mostly aimed at urban areas and is also used in weather forecasting, especially for heat health warning systems. Recent studies also show the relevance of thermal indices and their justification for thermal perception. Only twelve out of 165 indices of human thermal perception are classified to be principally suitable for the human biometeorological evaluation of climate for urban and regional planning: this requests that the thermal indices provide an equivalent air temperature of an isothermal reference with minor wind velocity. Furthermore, thermal indices must be traceable to complete human energy budget models consisting of both a controlled passive system (heat transfer between body and environment) and a controlling active system, which provides a positive feedback on temperature deviations from neutral conditions of the body core and skin as it is the case in nature. Seven out of the twelve indices are fully suitable, of which three overlap with the others. Accordingly, the following four indices were selected as appropriate: Universal Thermal Climate Index (UTCI), Perceived Temperature (PT J ), Physiologically Equivalent Temperature (PET), and rational Standard Effective Temperature (SET*).
Introduction
Human biometeorology is concerned with contingency planning, protection of health, regional and urban planning, design of open spaces, various aspects of tourism and recreation areas, and research in climate change. It contributes to heat warnings and medical issues in weather forecasting. All these facets require a rational, thermo-physiologically consistent assessment of the human thermal environment. This is frequently accomplished by applying thermal indices. There is a long and extended discussion in human biometeorology about such thermal indices and which of them is the best and the most appropriate [1] [2] [3] [4] [5] [6] [7] [8] . In addition, several studies have been conducted in order to determine which index fits best and when the level of thermal neutrality and heat stress is reached and can be quantified in several climate regions [9] .
This study shows a methodical framework for the selection of thermal indices for applications in human biometeorological studies, especially in weather forecasting and, above all, urban issues classifications and the quantification of open spaces or recreation areas. The method is explained in principle and is applied to the specific problem of an assessment of the human thermal environment. The results of this study especially contribute to the VDI (Verein Deutscher Ingenieure/Association of German Engineers) guideline 3787/2 on "methods for the human biometeorological evaluation of climate for urban and regional planning" currently under revision [10] .
De Freitas and Grigorieva [7, 8] have recently provided a comprehensive catalogue of 165 thermal indices and simulation devices developed and applied during the last 100 years and designed to assess the thermal environment according to human thermal physiology and sensation. This work of merit is the base of the study presented here. The present study selects the suitable indices for the thermophysiologically relevant quantification of atmospheric environment. This provides the basis for the different human biometeorological applications for assessing the short-term impacts of weather and the long-term development of climate.
Method
The methodical framework for the selection of thermal indices for applications in human biometeorological studies consists of seven steps ( Figure 1 ). The definition of the aim of the selection process is the first step, continued by the specification of the partial aspects as second step. With respect to the thermophysiologically relevant assessment of the atmospheric environment it is necessary to physically describe the human thermal environment and to reproduce the human thermoregulatory system and its interaction with the environment. The index should allow for an assessment in simple terms. The area of its application has to be defined.
The third step of the methodical framework consists of the definition of the selection criteria based on the theoretical background, which comprises the thermoregulation of the human body in this study. The human organism is endothermic homeostatic, i.e., it is in a state of a dynamic balance of its inner environment. This core compartment of the body consists of the brain and the organs of chest and abdominal cavities. It should have a temperature t cr of about 37 • C and is the predominantly regulated element. In contrast, the shell compartment consisting of the extremities and the skin is poikilothermic. Together with the respiratory system, the shell represents the body's interface with the meteorological environment. The temperature of the skin compartment, t sk , as well as its fractional body mass can vary dependent on body's environment [11] . Heat is generated within the cells of the organism in order to guarantee the basal metabolic rate, which is needed to preserve live functions. Metabolism increases under activity and provides the organism with the energy it needs to perform internal and external work. The organism produces more heat than is actually required for internal and external performance. Thus, the required homeostasis can only be maintained by a net heat transfer off the cells. Thermophysical properties of the body's tissues (conduction) and fluids (convection) determine the rate of heat transfer to the body's surface, where especially decisive are the blood perfusion and the cardio-vascular system linked to it [1] . Hence, the body's environment, typically the atmosphere, is used as energy sink. The state of the atmosphere varies with region and season and on any given site rapidly also during the day. Because of this variation, the (passive) sensible and latent fluxes from the skin to the atmosphere must be regulated, i.e., the body needs thermoregulation as the (active) controlling system. The physiological system of thermoregulation consists of cold and warm signals from receptors over the entire body. The signals are integrated in the central nervous system in form of deviations from set points for the specific effectors [1, 12] . The state of thermoregulation is noticed as a thermal sensation (from cold to hot) and a perception of comfort/discomfort. This triggers a behavioral thermoregulation quicker than the physiological reaction itself [12] . It effects efforts to reduce thermal stress and resulting strain by measures, such as to put on or take off clothes, to change posture, to increase or decrease activity, to take shelter, etc. [1] . Thus, thermal regulation links conscious temperature sensations with autonomic and behavioral responses of the organism to its thermal environment [13] .
"The human thermal environment can be defined in terms of six basic parameters: air temperature t a , mean radiant temperature t mrt , relative humidity rh, and air velocity v of the environment, and additionally by the insulation of clothing I cl worn and the activity of the person described by the net metabolic heat production M-W, W/m 2 , [1] ". Hence, it will be difficult to describe the thermal environment for humans with a single equation or to simulate it by means of technical devices because of the complexity of the human -atmosphere exchange fluxes of energy. In addition, not only must these fluxes, as the passive system of thermoregulation, be maintained in balance for homeostasis of the human organism, it is also necessary to describe the active central nervous system of thermoregulation appropriately, which then stimulates the thermal effectors output [1, 14, 15] , i.e., blood flow between body core and shell as well as, especially under warm/humid conditions, vasodilatation and sweating and, under cold conditions, vasoconstriction and increased metabolism by enlarged muscle tension and shivering where required.
Thus, as a consequence of this theoretical background, the following criteria for suitable indices have been defined (Table 1 ):
•
The index needs to be ascribable to models providing a "rational representation of the human body involving heat transfer between the body and the environment, the anthropometry and thermal properties of the body and a dynamic (transient) representation of the human thermoregulatory system [1, 16] ". These are in first principles complete models of the human energy balance including passive and active thermoregulation which are integrated to steady state. If this is not achievable within an integration time of two hours [17] , the physiological state at the end of the interval should be taken. In case this criterion is fulfilled the symbol "M" is used in the further analysis, if not "m".
The index needs to take the form of an equivalent temperature, i.e., the air temperature of an isothermal (t mrt = t a ) reference environment with minor wind velocity so that a reference subject will show identical (selected) thermo-physiological values in actual and in reference environment (symbol "T", otherwise "t"). Concerning thermal sensation such an equivalent temperature has the advantage to be self-explanatory comparing it with the actual ambient temperature t a .
The index needs to be worldwide applicable (symbol "W", otherwise "w"), i.e., an index which not restricted to specific regions, such as the "Equatorial Comfort Index (ECI) [18] ".
The above-mentioned criteria directly lead to the following criteria for rating the index to be non-suitable (Table 1 ):
The index is non-suitable if it is not a whole body index, i.e., is restricted to only one part of the body (symbol "p"), such as the wind chill equivalent temperature (WCET) for the exposed facial skin [19] .
The index is non-suitable if it is defined exclusively for warm/humid/dry or for cold environments, (symbol "r"), such as the "Heat Index (HI)" [20, 21] .
The index is non-suitable if it is a simulation device or a single meteorological parameter (symbol "s"), such as the "Kata Thermometer" [22] or the "Sultriness value" [23] for the dew-point temperature, because such physical or engineering approaches cannot account for the complex passive and active thermoregulation of man [1] .
Additionally, a question mark may appear next to a symbol for the reasons why an index is accepted or not. This may mainly be the case if the index handles the active thermoregulation only to a limited degree. Step four of the methodical framework for the selection of thermal indices for applications in human biometeorological studies consists of the revision of the theoretical principles of existing indices with respect to conformity to the criteria based on literature. The comprehensive catalogue of 165 thermal indices and simulation devices by De Freitas and Grigorieva, [7, 8] provides the source of the existing indices. The indices have been analyzed based on the corresponding publications. A question mark may also appear in connection with Russian publications for which only the title is available in English, but no English abstract could be found by web searches, a question mark may appear. This is the case for~12% of the indices, which, however, in the majority analyze an I cl that is required in order to avoid body cooling or respiratory heat loss, i.e., there are no equivalent temperature indices ("t").
Results
De Freitas and Grigorieva [7, 8] have grouped the register of indices in eight primary classification categories: "A" simulation devices for integrated measurements, "B" single sensor (parameter) index, "C": algebraic or statistical models, "D": proxy thermal strain index, "E": proxy thermal stress index, "F": energy balance strain index, "G": energy balance stress index, and "H": special purpose index. According to this classification, Table 2 summarizes the number of indices considered suitable or non-suitable for the intended purpose and provides the reasons for acceptance or non-acceptance using the symbols explained in Table 1 .
Categories "A" and "B" exclusively cover simulation devices and single sensor parameter indices, respectively, which, from their first principles, are unable to account for the complex active and passive thermoregulation.
Algebraic equations and mere statistical models fall into category "C". In a narrower sense, algebraic equations take the form of a polynomial with real number coefficients and especially do not have the form of a differential equation. Hence, they are "single" equations and are, in principle, inadequate to provide a complete description of the transient human energy balance up to the steady state. This is similar for statistical models, provided they are not parameterized versions of complete thermo-physiological heat balance models such as those subsumed under categories "F" and "G". For this reason, all the indices of category "C" are characterized by the reason symbol "m".
When assessing the indices classified as "D" to "G", the definitions of thermal stress and strain should be kept in mind: Thermal stress is any change in the thermal relation between a temperature regulator and its environment, which would result in hyper-or hypothermia, if uncompensated by temperature regulation [24] . Thermal strain is any deviation of body temperatures induced by sustained thermal stress that cannot be fully compensated by temperature regulation [24] . Accordingly, thermal strain is the overall physiological response resulting from heat stress [25] . Here, a temperature regulator is an organism that regulates its body temperature by autonomic and/or behavioral processes [24] . A thermoeffector is an organ system and its action, respectively, that affect heat balance in a controlled manner as part of the processes of temperature regulation [24] .
A proxy is "a variable that is not in itself directly relevant, but that serves in place of an unobservable or immeasurable variable" [26] . In order for a variable to be a good proxy, it must have a close correlation, not necessarily linear, with the variable of interest. Hence, with the exception of 2 out of 30 indices in the categories "D" and "E", the proxy for thermal strain and stress can be excluded, because they are not based on complete heat balance models. Additionally, because they relate to variables that assess strain, the indices in "D" all in all are not equivalent temperatures: "t". This applies with only two exceptions also for category "E".
In category "F" as well, the energy balance strain indices are not categorized as equivalent temperatures. This also applies to the Physiological Subjective Temperature (PST, in • C) [27] , which is derived from the net heat storage of the body S R , W/m 2 , after an exposition of 15-20 min, raised to the power of 0.75 and converted into a temperature value applying the Stefan-Boltzmann law. Then, PST is equal t mrt minus (S R < 0) or t mrt plus (S R > 0) this temperature value.
In category "G", i.e., energy balance stress indices, twelve out of 42 indices are regarded as potentially suitable for human biometeorological studies and also for the revision of VDI 3787/2 [10] . Among these 12, five are not an equivalent temperature "t", thereof four versions of the Predicted Mean Vote PMV or the Predicted Percentage of Dissatisfied PPD [28] . Here, only the comfort zone of PMV meets the demands for a model with suitable passive and active thermoregulation; it is also a special case of the ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) two-node model [29, 30] valid for steady state and comfortable values of secretion of sweat E comf and skin temperature t sk,comf , both depending exclusively on M-W. The fifth is the rational predicted mean vote PMV* [30] , which uses the rational effective temperature ET* [29, 30] instead of the operational temperature in PMV and thus is completely compatible with the above-mentioned requirements of "M, W". Both PMV [28] and PMV* [30] are included here, because they constitute the thermo-physiological base of the Perceived Temperature PT J index [31] . The seven other models account for passive and active thermoregulation ("M"), are globally applicable ("W"), and provide an equivalent temperature ("T").
In category "G", i.e., energy balance stress index, the following indices are excluded as non-suitable: (i) Outdoor Thermal Environment Index, OTEI, as well as the outdoor modified effective temperature ETVO [32] , even though their base is the ASHRAE two-node model [29] , which is judged as suitable. These indices, however, do not handle the absorbed short-wave (solar) radiation as an integral part of the sensible energy fluxes via the skin; thus, this energy gain does not interact with the thermoregulatory mechanisms; (ii) the apparent temperature AT [21, 33] and its derivatives the wind chill equivalent temperature WCET [34] , the outdoor apparent temperature OAT [35] , and the heat index HI [20] , because an active thermoregulatory system is missing or, at least, is represented only rudimentarily; (iii) the Heat Budget Index HEBIDEX [36] [37] [38] because of its bounded rationality of active thermoregulation. Table 2 . Summary of thermal indices and their suitability or non-suitability for overall thermal comfort and stress quantification (for an explanation of the symbols and the reasons for their (non)-suitability see Table 1 ). Category "H", i.e., special purpose indices, generally includes no equivalent temperatures, because the indices are constructed to meet special demands, such as draught sensation by DRI [39] . Table 3 itemizes those indices that would be suitable for the above-mentioned purposes ("Suitability"): column "VDI selected" shows which of them are adapted in the end, whereas column "Adaptation" indicates which of them include behavioral adaptation, i.e., account for an I cl dependent on the meteorological conditions of the actual environment.
Classification
The results above contribute to step 5a of the methodical framework. The selected indices are: 1. UTCI, the Universal Thermal Climate Index [40, 41] : UTCI refers to an isothermal environment, calm air (v~0.3 m/s at 1.1 m above ground) and rh = 50% up to t a = 29 • C and at temperatures above 29 • C a fixed water vapor pressure of 20 hPa, that is equivalent to 50% at 29 • C. The reference subject's M-W is assumed to be 135 W/m 2 . The basic thermoregulatory model is the "UTCI-Fiala multi-node model (187 nodes) of human heat transfer and temperature regulation [42] ". It is combined with a clothing ensemble as worn by general population with a realistic insulation distributed over the different body segments. The clothing insulation is behaviorally adapted dependent on t a ; the heat and humidity resistance of clothing is a function of v and the reference subject's movement (4 km/h) [43] , i.e., the overall insulation usually differs between the reference environment defined for calm air and the actual environment. The operational UTCI procedure [44] is a laborious parameterization of the basic models, combining the precision of complex multi-node models with low computational costs. [45] in its revised version [31] : PT J refers to an isothermal environment where v is reduced to a slight draught enabling forced convection and rh = 50%. The reference subject's M-W is assumed to be 135 W/m 2 . In terms of thermophysiology, PT J is constituted by PMV [28] and PMV* [29, 30] , "M, W", which it converts to an equivalent temperature, "T". Fanger's [28] PMV is applied restricted to the comfort zone and enables behavioral adaptation. This behavioral adaptation is realized by varying the intrinsic clothing insulation between a wintery, I cl = 1.75 clo, and a summery, I cl = 0.5 clo, clothing ensemble and requesting that PMV equals zero. Here, the insulation is identical in both the actual and reference environment. Outside the comfort zone, PMV* is calculated anchored on the two boundary values for the variable insulation zone, which results in two parameterizations of the ASHRAE two-node model [29] so as to obtain realistic values of skin t sk , core temperature t cr , and skin wettedness w to be used for PT J . The computational costs for PT J are low due to the parameterizations as well as Fanger's [28] relatively simple comfort equation for steady state.
3. PET, the Physiologically Equivalent Temperature [46, 47] : PET is t a in an environment that is assumed as a typical isothermal indoor setting, with v = 0.1 m/s at 1.1 m above ground and a water vapor pressure of 12 hPa (50% at 20 • C). The reference subject is assumed to perform light activity (80 W work metabolism, corresponding to M-W of 83.7 W/m 2 ) and wear a clothing ensemble with I cl = 0.9 clo. In terms of thermophysiology, PET is based on the Munich Energy-balance Model for Individuals, MEMI [48] . MEMI is a two-node model and differs largely "from the Gagge two-node model [30] by calculating the physiological sweat rate as function of t sk and of t cr and by the separate calculation of heat flows from parts of the body surface that are covered or uncovered by clothing [47] ". MEMI offers an analytical solution of the human energy balance for steady state and avoids temporal integration compared to transient models. Because of the dependence on t sk and on t cr , there are quadratic equations, among others, to be solved by iteration and where the sign in the solution is selected using bins of t sk and t cr with boundaries that are obviously set statistically. MEMI is applied unmodified in determining the thermophysiological state in the actual environment. Following this, PET as t a of the reference environment is calculated by applying, unchanged, all heat exchanges of the actual environment, which are associated with the thermoregulatory control mechanisms of the actual environment, namely, t sk , w, the clothing surface temperature and the latent heat flow from evaporation of sweat. Then, t a is iterated up to a balanced energy budget by adopting the meteorological settings of the reference environment. Hence, in a first approximation, PET is constructed in a way comparable to a standard operative temperature, and thus differs from the other two-node indices the structure of which is comparable to a standard humid operational temperature.
4. SET*, the rational Standard Effective Temperature [29, 30, 49] : SET* is originally defined for typical indoor environments and as t a of an isothermal environment at still air and rh = 50%. In this environment, the reference subject, in steady state and wearing clothing with a standardized I cl for the activity concerned, has the same heat stress (t sk ) and thermoregulatory strain (w) as in the actual environment [30] . A sedentary subject with M-W of 73 W/m 2 , resulting in an intrinsic I cl of 0.6 clo, is assumed. In terms of thermophysiology, SET* is based on the ASHRAE two-node model, which provides this index (as well as the rational Effective Temperature ET*) as standard output after a temporal integration of 120 one-minute steps.
There are indices which were not selected, though they formally agree with the criteria defined in this study ( Table 3 ). The reasons for the exclusion are given in the following:
1. OUT_SET*, the Standard Effective Temperature Outdoors [30, 50] : The thermophysiological part of OUT_SET* is identical to SET* (one selected). The proposed calculation of t mrt outdoors shows significant deficits, especially in the long-wave spectral range, resulting in unrealistic high values of absorbed radiant energy [51] .
2. ET*, the new Effective Temperature [14] : The index is a former version of the more recent "rational Effective Temperature ET*" included in the ASHRAE two-node model [29, 30] . ET* is the hypothetical t a of an isothermal environment at still air and rh = 50% in which a subject would have the same heat stress (t sk ) and thermoregulatory strain (w) as in the actual environment. Hence, the value of ET* varies with the clothing insulation and metabolic rate of interest of the subject concerned; in contrast to SET*, it therefore is not universal. This gives reason for preferring SET*.
3. HToh, the Humid Operative Temperature [14, 30, 52] : Relying on the ASHRAE two-node model, HToh has the same thermophysiological base as ET* and differs only in rh = 100% as reference humidity, compared to 50% for ET*. "The reference humidity of 50% is more easily associated as the probable average humidity in environments, which were experienced in everyday living, than 100% that is used in HToh and the standard humid operative temperature T soh [49] ". Hence, SET*/ET* is preferred.
The sixth step of the methodical framework consists of the application of the selected indices based on observations and comparison of the results. These results are discussed with respect to the commonalities and differences and their theoretical reasons (step seven).
The four selected indices UTCI, PT J , PET, SET* are calculated based on identical environmental input from 5 European observational sites between 78.9 • N and 30.9 • N (Figure 2 ). T mrt is derived using exclusively measured radiant components. Concerning the index values, there is a high correlation (r 2 > 0.98) between PT J , PET and SET* and a lower (r 2 > 0.82) but still highly significant correlation between each of the indices and UTCI, which reflects the higher level of detail in UTCI (Figure 2a) . Among the four selected models, the thermophysiological base of UTCI, the UTCI-Fiala multi-node model [42] , provides the highest level of detail with regard to the body model as well as the clothing ensemble chosen dependent on ta in order to account for seasonal behavioral adaptation. In addition, its heat and humidity resistance is, above all, a function of v. The other indices are based on two-node assumptions and use intrinsic clothing insulation which is fixed or, like PTJ, use a behavioral adaptation.
Especially in colder up to comfortable environments, the variability of UTCI, e.g., over ta, is significantly increased compared to the other indices (Figure 2b ), though identical environmental input is used for their calculation. In an actual environment outdoors, v is usually increased compared to the reference assumed calm. For UTCI, Icl therefore is generally lower in the actual environment than in the reference, whereas it is constant for the other indices. In the colder zone, the fits for UTCI and for SET* with its constant Icl = 0.6 clo are more or less congruent (Figure 2b) , though the variance of UTCI is significantly increased. This proves the degrading effect of wind on overall Icl in UTCI. PTJ, and SET* values are roughly identical under warm conditions, because the difference in applied Icl is small and the thermo-physiological base is identical. In the cold, however, the SET* values are significantly lower due to the differences in Icl = 0.6 clo of SET* and the behaviorally adapted Icl = 1.75 clo of PTJ. Because PET references a fixed Icl = 0.9 clo that, under summery environments, is raised compared to the other indices, and because it is constructed comparable to a standard operative temperature, PET tends to relative high values and thus to exaggerated thermal sensation under hot environments of low humidity. On the other hand, under cold environments the assumed PET reference humidity of 12 hPa in the reference environment limits the latent respiratory heat loss but increases it by diffusion via the skin. Because Icl is relatively low and because PET does not include shivering, tsk and tcr are significantly lower compared to the ASHRAE model which reduces the sensible heat fluxes via the skin. Under wintery conditions, PET therefore shows values comparable to those of PTJ with its higher Icl = 1.75 clo and its markedly higher M-W.
Discussion
Human biometeorology is targeted to assess the human thermal environment in a manner that satisfies human thermoregulation, which is intimately connected to human thermal perception, stress and strain. This is why thermoregulatory models are required. They have to be mathematical representations of the human, rationally constructed from physiology, heat transfer and thermodynamic principles [16] in order to achieve this aim. In addition to the controlled passive system, which describes the energy fluxes between a person and its environment, a prerequisite is that thermoregulatory models include a controlling active system. This active system provides a Among the four selected models, the thermophysiological base of UTCI, the UTCI-Fiala multi-node model [42] , provides the highest level of detail with regard to the body model as well as the clothing ensemble chosen dependent on t a in order to account for seasonal behavioral adaptation. In addition, its heat and humidity resistance is, above all, a function of v. The other indices are based on two-node assumptions and use intrinsic clothing insulation which is fixed or, like PT J , use a behavioral adaptation.
Especially in colder up to comfortable environments, the variability of UTCI, e.g., over t a , is significantly increased compared to the other indices (Figure 2b ), though identical environmental input is used for their calculation. In an actual environment outdoors, v is usually increased compared to the reference assumed calm. For UTCI, I cl therefore is generally lower in the actual environment than in the reference, whereas it is constant for the other indices. In the colder zone, the fits for UTCI and for SET* with its constant I cl = 0.6 clo are more or less congruent (Figure 2b) , though the variance of UTCI is significantly increased. This proves the degrading effect of wind on overall I cl in UTCI. PT J , and SET* values are roughly identical under warm conditions, because the difference in applied I cl is small and the thermo-physiological base is identical. In the cold, however, the SET* values are significantly lower due to the differences in I cl = 0.6 clo of SET* and the behaviorally adapted I cl = 1.75 clo of PT J . Because PET references a fixed I cl = 0.9 clo that, under summery environments, is raised compared to the other indices, and because it is constructed comparable to a standard operative temperature, PET tends to relative high values and thus to exaggerated thermal sensation under hot environments of low humidity. On the other hand, under cold environments the assumed PET reference humidity of 12 hPa in the reference environment limits the latent respiratory heat loss but increases it by diffusion via the skin. Because I cl is relatively low and because PET does not include shivering, t sk and t cr are significantly lower compared to the ASHRAE model which reduces the sensible heat fluxes via the skin. Under wintery conditions, PET therefore shows values comparable to those of PT J with its higher I cl = 1.75 clo and its markedly higher M-W.
Human biometeorology is targeted to assess the human thermal environment in a manner that satisfies human thermoregulation, which is intimately connected to human thermal perception, stress and strain. This is why thermoregulatory models are required. They have to be mathematical representations of the human, rationally constructed from physiology, heat transfer and thermodynamic principles [16] in order to achieve this aim. In addition to the controlled passive system, which describes the energy fluxes between a person and its environment, a prerequisite is that thermoregulatory models include a controlling active system. This active system provides a positive feedback on temperature deviations from neutral conditions of the body core and skin as it is the case in nature [1, 12, 15, 53, 54] . These requirements are (at least implicitly) included in the four selected approaches UTCI, PT J , PET and SET* in order to assess the human thermal environment for biometeorological purposes.
The basic models used for the proposed thermal indices vary strongly where the controlled passive system is concerned, specifically the anatomic properties and the heat transfer phenomena between body core and skin as well as between body surface and the atmospheric environment [55] . However, they differ only slightly or negligibly with regard to the active controlling mechanisms [15] . The two-node approaches strongly simplify the controlled passive systems, while their controlling system uses the same principles as the mechanisms functioning in nature.
The UTCI-Fiala multi-node model [42] shows the highest level of detail with regard to the body model as well as the clothing ensemble. However, if frequently applied for operational purposes as mentioned above, it requires the selected parameterized form [44] . It sophisticatedly accounts for behavioral adaptation resulting in heat and water vapor transfer coefficients that differ between actual and reference environment. PT J is a parameterized version of the ASHRAE two-node model; in contrast to PET and SET*, it therefore can account for behavioral adaptation. Because it is based on intrinsic clothing insulation, there are no differences between actual and reference environment.
The validity of parameterizations is limited to the range of input variables which have been applied in deriving them. This is global for UTCI and PT J . These indices usually do not provide access to all individual thermoregulatory variables included in the underlying models. They have the advantage of low computational costs; however, it is costly to account for improvements in the underlying thermoregulatory models.
Each of the selected indices results in an equivalent temperature where a subjective thermal assessment of the human environment is intuitively possible by comparing it to t a . The temperature range of the indices is akin, somewhat enlarged for UTCI in the cold zone, for PET in the warm zone. A table assessing thermal sensation and thermal stress and strain is available for each of the indices. Here, the temperature range for identical assessment categories varies strongly between the indices. This directly reflects the difference in the clothing insulation assumed for the reference subject and variable in the parameterized indices. Outdoors, indices accounting for behavioral adaptation provide advantages in case the human thermal evaluations extend to more than one regional bioclimatic zone and/or to more than one season.
The selection criteria for the evaluation in this study (Table 1) differ from those applied by de Freitas and Grigorieva [7, 8] , with the effect that the evaluations deviate slightly from one another. Nevertheless, all selected indices range among the highest total scores awarded [7, 8] . Beyond this, the usability of the selected indices will be optimized to meet user needs. These indices will comply even better with their criteria by using the annex of the above-cited guideline VDI 3787/2 [10] , which is currently under revision and will provide the calculation of t mrt outdoors.
Indices that are parameterized based on thermophysiological models with a high score of validity [7, 8] should also range in a comparable score, which may be reduced only slightly due to the inaccuracy inherent in all parameterizations. With respect to PT J, this may be expected to some degree under warm/humid atmospheres while, under cold conditions, the thermophysiological parameters approximately do not differ from the results of the underlying two-node model.
Though the catalogue by de Freitas and Grigorieva [7, 8] is comprehensive, there are some indices not included that are in operational use, e.g., COMFA, the energy budget model comfort formula A [56, 57] , for deviation from comfort conditions, which also accounts for varying clothing insulation dependent on v. COMFA, however, does not account for active thermoregulation. The others are: EHT, the Equivalent Homogenous Temperature according to Wyon [58] , which applies an improved version of the Stolwijk model [53] ; 65MNSET*, the 65 Multi-Node Standard Effective Temperature [59] , which is another enhancement of the Stolwijk model [53] ; DTS, the Dynamic Thermal Sensation [60] , but which is implicitly included in UTCI; the overall comfort vote [61] , which is as 19-node model designed for non-uniform and transient environments for predicting local thermal sensation and local comfort, both of which are connected afterward to whole-body information. The specified multi-node models have to be directly applied in operation and thus are connected with computational costs higher than the selected indices.
Recently, a modified PET, mPET, has become available [62] that retains the definition of the PET reference environment and the fundamental parts of the underlying thermophysiology [48] , but improves both passive and active thermoregulation significantly. This is achieved by applying an enhanced body model, by introducing conductive heat transfer inside the body and improving the heat transfer inside the body using Pennes' [63] bio-heat equation, and, above all, by accounting for up to three layers in the clothing model able to vary in heat and water vapor transfer coefficients and also for vapor condensation in the layers able to alter both the dry and the wet energy flux profiles. If this is done, clothing insulation adapts behaviorally to the actual t a [43] and is then applied identically to both environments, actual and reference. Because the model is semi-unsteady and can embrace up to 25 nodes, it requires up to 1200 times steps to produce the body temperature profiles and stable energy fluxes in order to finally solve the human heat balance equation for steady state and to calculate mPET. This increases the computational costs compared to the simpler PET two-node version. mPET principally fits the requirements to be included in the final selection, but more test and applications are required.
Conclusions
Four approaches, UTCI, PT J , PET and SET*, are suitable for the aim of the thermo-physiologically consistent assessment of the human thermal environment. The selected four indices will be included in the revised VDI guideline 3787/2. This will enable the user to select the suitable index for his/her specific purpose and to support his conclusions by comparison with the results of one of the other indices. The intended annex to VDI 3787/2 will also provide the calculation of t mrt outdoors. Hence, SET* developed for indoor conditions will also become applicable outdoors for human thermal assessment. PT J constitutes the basis of the heat health warnings [64] of the Deutscher Wetterdienst (DWD). It is produced in a post-processing to DWD's numerical weather forecast and is computed every day in order to produce 72-h forecast maps for the European region. PT J is also a tool for various questions in climate and climate change impact research, such as to create maps of the baseline and future bioclimate that allow a direct comparison of the differences in the vulnerability of populations to thermal stress across different geographical regions [65] . The PET applications focus on thermal evaluations in bioclimatic assessments, such as urban and regional planning and mapping, on research into climate change and other important scientific applications [66, 67] . UTCI, as the most recent index, shows widespread use in many research and practical applications relating to the human thermal environment due to its most differentiated model base and the completely new approach of a clothing ensemble model.
Because of the strong progress in computer technology compared to the 1980s and 1990s, it is nowadays possible to operationally employ parameterizations or even at least simple thermoregulatory models. Today, such applications may no longer be regarded as too complex for routine industrial applications [3] . In operational tasks such as human bioclimatic assessment of highly complex urban environments, the two-node approaches enable the corresponding models to be applied. Hence, the individual passive energy fluxes as well as the skin and core temperatures from the active system will usually be available, which may help to better describe the thermophysiological state of the body. The computational costs of the two-node models are higher compared to those of parameterizations, but they have the advantage that any improvement, e.g., in the model's thermophysiology, has immediate operational effect.
In view of further studies, the selected four indices UTCI, PT J , PET and SET* are appropriate methods for a broad range of different human biometeorological applications for assessing the short-term impacts of weather and the long-term development of climate, such as applications in epidemiology and health research, biometeorological forecasts, various aspects of tourism and recreation areas, assessments of regional and local features of bioclimate, bioclimatic mapping, urban bioclimate, design of open spaces, and research in impacts of climate change.
